I analyze D-D mixing using the techniques of heavy quark effect field theory.
Introduction
In the classic analyses of D-D mixing in the standard model, Donoghue et al. [2] and Wolfenstein [3] argued that the short distance contributions to the mixing are negligible compared to "dispersive" contributions from second order weak interactions with mesonic intermediate states, suggested in [2, 3] , the reach of D-D mixing as a signal for new physics beyond the standard model is reduced. In other words, when D-D mixing is finally observed experimentally, it will be important to have a good estimate of the standard model contribution, so that we will know whether we are seeing standard model physics or new physics beyond the standard model. Here, we reexamine the issue of D-D mixing, making use of the heavy quark effective field theory (HQEFT). [1] We will find a puzzle. We will identify an enhancement of a well-defined 
. 
. set of "long-distance" contributions. However, the enhancement does not appear to be as large as suggested by [2, 3] . If the heavy quark analysis is at all valid, it suggests that the total dispersive contribution is considerably smaller than the contributions found in [2, 3] from specific final states. This is certainly possible. Contributions from various different classes of intermediate states can
cancel to give a smaller total mixing. It may be that the HQEFT analysis implies that such a cancellation will take place.
When we use the heavy quark effective theory to analyze D meson properties, we are assuming that m c is much greater than Λ QCD . Thus it would not be completely surprising if the results of the heavy quark analysis were misleading, but at least it is a well defined approximation from which you can discuss corrections. At any rate, we will assume in the following that we can treat the c quark as heavy.
Symmetries of the Standard Model
Before we discuss the HQEFT analysis in detail, I will discuss the flavor symmetry structure of D-D mixing. I want to make a point of this, because the enhancements that we find for the long-distance contributions will be intimately connected to their flavor symmetry properties. The symmetry structure of the standard model is shown diagrammatically in figure 3 .
The SU(6) L × SU(6) R × U(1) symmetry of the QCD interactions acting on six massless quarks is broken by the "large" quark masses, m t , m b , and m c down to SU(3) L × SU(3) R × U(1) 4 and by the interactions of the γ and
We will be particularly interested in the common subgroup which is left invariant by both, SU(2) DL × SU(2) DR × U (1) 5 , under which the left-and right-handed d and s transform as doublets. In particular, the transformation properties of the ∆c = 1, charm-changing nonleptonic weak interactions, H W , under the left-and right-handed U-spin,
will play a crucial role in our discussion. The point is that if we ignore the small mixing to the third family (s 2 , s 3 ≈ 0), we can write the ∆c = 1 Hamiltonian at the W scale in the form
where ψ L is the two component SU(2) DL doublet
and κ is the complex constant U-spin vector
While the detailed form of the weak Hamiltonian changes as you go down to lower scales, [4] the transformation properties under (2.2) do not, at least not above 1 GeV, because the QCD interactions do not break the symmetry. Thus the ∆c = 1 weak Hamiltonian is proportional to the U-spin vector, κ, and the ∆c = 2 mixing is proportional to two factors of κ. This is relevant because κ has the interesting property
This is the underlying group theoretical statement of the GIM [5] suppression in D-D mixing.
To make a nonvanishing U-spin singlet, we need a U-spin breaking "spurion" in the form of an additional U-spin vector A to form a non-zero combination, ( A · κ)( A · κ). The obvious U-spin vector is related to the d-s mass matrix,
However, here is the point. At short distances, the mass matrix, (2.8), transforms as a (2,2) under (2.2). Thus the U-spin vector must be constructed from the SU(2) DR singlet combination, MM † , and the U-spin violation is proportional to
However, at long distances, the chiral SU(2) DL × SU(2) DR symmetry is spontaneously broken by the strong QCD interactions down to the vector diagonal U-spin. At long distances, a U-spin triplet can be constructed from MΣ † , where Σ is the chiral symmetry breaking condensate. Thus we might expect long distance contributions proportional to m 
The Heavy Quark Effective Theory
The description of D-D mixing in the language of the HQEFT that we will develop in this section may seem peculiar at first. It is well to remember that the HQEFT is nothing really profound. All the results could be equally well derived in the conventional QCD theory, so long as we take careful account of where large momenta are flowing. The HQEFT is simply a convenience. It allows us to use the framework of effective field theories to do automatically the work of isolating large momenta in the full theory. Of course I should admit again that in all of this we are assuming that m c is large, in particular that there is a gap between m c and the scale, ≈ 1 GeV of chiral symmetry breaking.
In reality, there is hardly any gap at all. Nature has played an exquisite joke on the practitioners of the HQEFT, because it is really probably only for the b quark that the techniques of HQEFT apply without very large corrections. Nevertheless, the HQEFT may be useful even though the corrections are often large, just as SU(3) and chiral SU(3) × SU(3) are useful, even though the m s is not very small.
When you go below the c mass scale and go to the heavy quark effective theory, the charm changing nonleptonic operators disappear from the Lagrangian of the effective theory, because any such term gives rise to a light colored particle carrying momentum of the order of m c . Thus below the scale m c , there are no charm changing nonleptonic interactions in the effective theory. Now that seems a little strange, because the effects of the nonleptonic decays must still be there. Presumably the way it works is that when you match at two loops, the heavy quark propagator will acquire a phase because of the width, 1
where Γ is the width and ∆m is the difference between the quark mass and the mass used to define the velocity dependent fields. Thus in this order, the heavy quark kinetic energy term is complex.
It should not be surprising that the kinetic energy term for the heavy quark in the HQEFT is non-unitary. Probability is conserved in the HQEFT only if the heavy quark is absolutely stable.
The width, Γ, describes the leakage of the heavy quarks out of the HQEFT. so it is small. There is no enhancement. You cannot even use HQEFT to relate this contribution to BB mixing -there are two operators, because of the v µ dependence. That is, in addition to the usual operator,
(where we are using the notation of [6] in which c v represents the heavy antiquark field, there is also a contribution proportional to the operator More interesting are the operators produced by the tree level matching. These are nonleading in 1/m c , but as we will see, they probably give the dominant contribution to the mixing. First consider mixing to a 6-quark operator from the diagram shown in figure 4 . This gives contributions such as 
Because of the gluon exchange, we will see that contributions of this type are likely to be less important than the contribution of (3.14).
As discussed in the previous section, the reason that these contributions can be important in spite of the extra factors of 1/m c is that the matrix element of the U-spin vector operator ψ L κ · τ ψ L in a low energy hadronic state is proportional to only one power of m s . This is possible because the chiral U-spin symmetry, (2.2), is spontaneously broken. Thus the GIM suppression from these long-distance contributions is proportional to m s Λ (where Λ ≈ 1 GeV is the chiral symmetry breaking scale), while the GIM suppression in the leading operators (including all the short-distance contributions) is guaranteed to be proportional to m In particular, let us use naive dimensional analysis [7] (NDA) to estimate the matrix elements of the different operators. Dimensional analysis gives the usual estimate of (3.12) and (3.13) with the NDA relation
The interesting question is the ratio of the contribution of (3.14) to these. The difference is that coefficient of (3.14) has an extra factor of 16π so that the ratio of the contribution of (3.14) to (3.12) is expected to be of order On the other hand, the ratio of the contribution of (3.15) to (3.12) is expected to be proportional 
